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I NTRODUCT I ON 

For many years a t tempts  have been made t o  measure p h y s i c a l  dose (energy 

depos i ted  p e r  u n i t  mass) i n  r a d i a t i o n  f i e l d s  i n  o r d e r  t o  r e l a t e  and p r e d i c t  

r a d i a t i o n  e f f e c t s .  For simp1 ; c i t y ,  developments have tended toward i n t e g r a t i n g  

dev ices so  t h a t  a s i n g l e  number, dose, c o u l d  be read d i r e c t l y  f rom t h e  dev ice.  

D i r e c t  read ing  dosimeters a re  u s u a l l y  based on i o n i z a t i o n  measurements and have 

u t i l i z e d  b o t h  i o n i z a t i o n  chambers and s o l i d  s t a t e  d e t e c t o r s .  The r e l i a b i l i t y  

o f  t h e  measurements f rom these devices i s  dependent upon the  assumption t h a t  

t h e  system i s  w h o l l y  responsive t o  energy depos i ted ,  e x c l u s i v e  o f  r a d i a t i o n  

q u a l i t y  and/or t h e  equiva lence o f  the c a l i b r a t i o n  and measured f i e l d s .  These 

dev ices y i e l d  a s i n g l e  va lue,  phys i ca l  dose, which when a p p l i e d  t o  b i o l o g i c a l  

e f f e c t ,  must be conver ted  t o  b i o l o g i c a l  dose. Since i t  i s  g e n e r a l l y  accepted 

t h a t  b i o l o g i c a l  dose i s  a f u n c t i o n  O F  r a d i a t i o n  type and energy,  no r e l a t i o n -  

s h i p  can be e s t a b l i s h e d  between a measured p h y s i c a l  dose and a b i o l o g i c a l  dose 

unless t h e  r a d i a t i o n  types and spect ra a r e  considered.  No system i s  c u r r e n t l y  

a v a i l a b l e  which does d i s t i n g u i s h  p a r t i c l e  t y p e  and s p e c t r a  and y i e l d  a d i r e c t  

dose readout .  

I t  i s  t he  purpose o f  t h i s  e f f o r t  t o  demonstrate the  u t i l i t y  o f  t he  LTV 

p u l s e  h e i g h t  t o  dose convers ion system, i n  c o n j u n c t i o n  w i t h  t h e  LTV Beta-Gamma 

Spectrometer,  as such a system. The Beta-Gamma Spectrometer was developed by 

LTV f o r  t h e  Manned Spacecraf t  Center (NASA) i n  Houston, Texar;, under Con t rac t  

No. NAS9-5765 . T h i s  e f f o r t  w i l l  a l s o  p r o v i d e  a conceptual  e l e c t r o n i c  des ign 

o f  a system u t i l i z i n g  the  Beta-Gamma Spectrometer as a r e a l  t ime dos imeter  f o r  

separate or  mixed f i e l d s  o f  bo th  e l e c t r o n s  and gamma rays .  

1 
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I .  GENERAL METHOD OF APPROACH 

I n  o r d e r  t o  u t i  1 i z e  the  Beta-Gamma Spectrometer as a d i r e c t  read ing  r e a l  

t ime  dos imeter ,  i t  i s  necessary t o  conver t  t h e  p u l s e - h e i g h t  s p e c t r a  t o  p h y s i c a l  

o r  b i o l o g i c a l  dose. The conven t iona l  method o f  approach would be t o  f i r s t  re-  

duce each p u l s e - h e i g h t  spectrum t o  an energy spectrum and then app ly  energy- 

to-dose convers ion  numbers t o  t h e  energy spectrum. The t o t a l  dose would then 

be g i v e n  as the sum o f  the doses f rom each energy channel o f  t h e  spect rometer .  

To t ake  t h i s  r o u t e  r e q u i r e s  t h e  use of t h e  s p e c t r o m e t e r ' s  response m a t r i x  R o r  

t h e  i n v e r s e  o f  t h i s  m a t r i x  f '  i n  o r d e r  t o  a r r i v e  a t  t h e  energy spectrum. The 

s to rage  and a p p l i c a t i o n  o f  R o r  f 1  requ i res  use o f  an onboard computer i f  the  

dose i s  be ing  metered i n  a s p a c e c r a f t .  

I n  o r d e r  to  a v o i d  t h e  problems o f  s t o r i n g  and u s i n g  a l s r g e  m a t r i x  on 

board a spacecraf t ,an a l t e r n a t e  method has been developed by LTV. 

s t i l l  u t i l i z e s  a r a d i a t i o n  spectrometer as the  dos imeter ,  b u t  e l i m i n a t e s  t h e  

need fo r  R o r  R- '  t o  be s t o r e d  and used i n  a computer. 

on t h e  d e t e r m i n a t i o n  o f  a s imp le  f u n c t i o n  which i s  immediately used t o  conver t  

t h e  p u l s e - h e i g h t  i n f o r m a t i o n  i n t o  dose. An e x p l a n a t i o n  o f  t h i s  approach u s i n g  

m a t r i x  a lgeb ra  i s  as f o l l o w s .  

T h i s  method 

The new method r e l i e s  

A dose spectrum D may be r e l a t e d  t o  a source spectrum S by the  f o l l o w i n g  

m a t r i x  equa t ion ,  

D = CS, (.1) 

where C i s  a d iagonal  m a t r i x  rep resen t ing  t h e  dose p e r  u n i t  f l u x  as a f u n c t i o n  

of  energy f o r  a s p e c i f i c  t ype  o f  r a d i a t i o n  w i t h  geometr ica l  e f f e c t s  taken i n t o  

account .  The source spectrum S i s  r e l a t e d  t o  t h e  p u l s e - h e i g h t  spectrum P from 

t h e  r a d i a t i o n  spectrometer by t h e  f o l l o w i n g  equa t ion ,  

P = RS, ( 2 )  

where R rep resen ts  the  response f u n c t i o n  o f  t h e  spect rometer .  S o l v i n g  f o r  S 

g i v e s  , 

( 3 )  - 1  S = R  P. 

-2- 



( 4 )  

Combining equa t ions  ( 1 )  and ( 3 )  g i v e s ,  

D = C R - l P .  

The m a t r i x  p r o d u c t  C R - ’  may be taken f i r s t  g i v i n g ,  

D = FP, ( 5 )  

where 

(6) 1 F = CR- . 
Since C and R may be determined e x p e r i m e n t a l l y ,  t n e  m a t r i x  F i s  determined.  

Now t h e  dose spectrum D i s  n o t  requ i red ,  o n l y  t h e  t o t a l  dose. L e t t i n g  D = I d .  . I  
:hen t h e  t o t a l  dose i s  g i v e n  as .E  I J  

[ d . . ]  where D i s  an mxn row m a t r i x ,  i . e . ,  J = 1  I J  

rn = 1 .  Denot ing t h e  t o t a l  dose as x,  we have 

NOW l e t t i n g  F = [ f .  . I  and P = [ p . . ] ,  we have 
I J  ‘ J  

[ P .  . I  
‘ J  

where t h e  exp ress ion  iIl [ f i j ]  j=l,n rep resen ts  t h e  f u n c t , m ,  f ,  t h a t  conve r t s  

the  p u l s e - h e i g h t  spectrum t o  dose. As p r e v i o u s l y  mentioned i t  i s  e n t i r e l y  

e x p e r i m e n t a l l y  determined and conta ins o n l y  t h e  square r o o t  o f  t h e  number o f  

terms i n  R due t o  t h e  summation o v e r  t h e  rows f o r  each column o f  F. 

- 3- 



I I .  DERIVATION OF THE PULSE HEIGHT TO DOSE FUNCTIONS 

The i n i t i a l  phase o f  t h e  a n a l y t i c a l  program was t o  v e r i f y  t h e  v a l i d i t y  o f  

t h e  response m a t r i c e s  f o r  t h e  8-Y spect rometer .  These m a t r i c e s ,  b o t h  e l e c t r o n  

R and gamma R were presented i n  Reference 1 ,  as t h e  p roduc t  o f  a d iagonal  
e Y ’  

e f f i c i e n c y  m a t r i x  E and a no rma l i zed  r e s o l u t i o n  m a t r i x ,  which we s h a l l  denote 

he re  as N. I n s p e c t i o n  o f  these ma t r i ces  revealed no s i g n i f i c a n t  e r r o r s .  They 

were used i n  the p resen t  s tudy i n  t h e i r  p rev ious  form except f o r  one m o d i f i c a -  

Z ion.  I n  the  p rev ious  p r e s e n t a t i o n  a l l  o f  t h e  d e t e c t o r  responses were e x t r a p o -  

l a t e d  below the  e l e c t r o n i c  c u t - o f f  down t o  ze ro  p u l s e  h e i g h t  and t h e  e f f i c i e n -  

c i e s  E and E: were r e p o r t e d  a c c o r d i n g l y .  For t h e  p resen t  work the  responses 
e Y 

N were renormal ized,  o m i t t i n g  t h e  reg ion below 100 keV t o  e l i m i n a t e  t h e  uncer-  

t a i n t y  i n t r o d u c e d  by the  e x t r a p o l a t i o n .  The a d j u s t e d  e f f i c i e n c i e s  a re  shown 

i n  Tabies 1 and 2. The e n t r i e s  i n  the Tables represent  t h e  non ze ro  elements 

o f  t h e  d iagona l  e f f i c i e n c y  m a t r i c e s .  The dimensions o f  t he  response m a t r i c e s  

a r e  15 X 15 w i t h  N ex tend ing  o v e r  the range from 0.1 t o  3.1 MeV and N f rom 

0.3 t o  3.3 MeV. The response b i n  widths a re  200 keV f o r  bo th  m a t r i c e s .  The 

i n v e r s i o n  t o  o b t a i n  N and N-h  was accomplished w i t h  t h e  a i d  o f  an I B M  7090 

Y e 

- 1  
Y 

m a t r i x  i n v e r s i o n  r o u t i n e ,  which was shown t o  g i v e  r e s u l t s  accu ra te  t o  t h r e e  and 

sometimes f o u r  s i g n i f i c a n t  f i g u r e s .  As a p r e l i m i n a r y  t e s t  t h e  no rma l i zed  i n -  

verse m a t r i c e s  were m u l t i p l i e d  by t h e  p u l s e - h e i g h t  s p e c t r a  wh ich  were taken  on 

the  8-1. spect rometer  and found t o  conserve t h e  t o t a l  number o f  e l e c t r o n s  o r  

photons i n  the  i n p u t  data.  T h i s  i s  a p r o p e r t y  which i s  expected when u s i n g  a 

no rma l i zed  m a t r i x .  The i n v e r s i o n  o f  E and E were t r i v i a l ,  s i n c e  the  i n v e r s e  

o f  a d iagona l  m a t r i x  i s  formed by t a k i n g  t h e  r e c i 7 r o c a l  o f  each element.  The 
2,3 f l u x  t o  dose convers ion va lues C and C were o b t a i n e d  from the  l i t e r a t u r e  

and a r e  shown i n  Table 3 and Table 4 r e s p e c t i v e l y .  These va lues a r e  c o n s i s t e n t  

w i t h  those be ing  used i n  the  n a t i o n a l  l a b o r a t o r i e s .  Gamma convers ion  t o  r o e n t -  

gen exposure dose was used t o  a l l o w  comparison w i t h  the  R-Meter measurements 

t o  be d iscussed l a t e r .  The e l e c t r o n  convers ion chosen was t o  rad  i n  carbon, 

which i s  t h e  most common absorbed dose re fe rence .  A t  t h i s  p o i n t  t h e  a c t u a l  

dose u n i t  i s  i r r e l e v a n t  and any one may be used t o  s a t i s f y  a g i v e n  requi rement .  

Y 8 

e Y 

- 1  
e ‘e The above m a t r i c e s  were then m u l t i p l i e d  t o  g i v e  the  p roduc ts  N E 

- 1  - 1  
and N E C which correspond t o  Fe and F r e s p e c t i v e l y .  Each column o f  

e 

Y Y Y 
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TABLE 1 

GAMMA EFF I C I ENC I E S  

A These va 
w i t h  t h e  
T h i s  app 

E (counts/photon/cm 2 ) E (MeV) 
Y 

0.2 

0.4 

0.6 

0.8 

1 .o 

1.2 

1.4 

1.6 

1.8 

2.0 

2.2 

2.4 

2.6 

2.8 

3.0 

0.638j': 

0.463 

0.537 

0.541 

0.500 

0.529 

0.486 

0.565 

0.575 

0.567 

0.560 

0.558 

0.560 

0.563 

0.600 

ues were obta ined by i n t e g r a t i n g  ove r  200 keV i n t e r v a l s  
i n d i c a t e d  energy rep resen t ing  the  m idpo in t  of  t h e  i n t e r v a l .  
i e s  a l s o  to Tables 2, 3, and 4. 
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E (MeV) 

0.4 

0.6 

0.8 

1 .o 

1.2 

1 .4  

1.6 

1.8 

2.0 

2.2 

2.4 

2.6 

2.8 

3.0 

3.2 

TABLE 2 

ELECTRON EFFICIENCIES 

-6-  

2 
E (counts /e lec t ron /cm ) e 

0.832 

0.891 

0.830 

0.791 

0.798 

0.838 

0.862 

0.863 

0.857 

0.842 

0.828 

0.821 

0.820 

0.820 

0.820 



T A B L E  3 

E L E C T R O N  SPECTRUM TO DOSE C O N V E R S I O N  V A L U E S  

E ( M e V )  

0.4 

0.6 

0.8 

1 . o  

1.2 

1.4 

1.6 

1.8 

2.0 

2.2 

2.4 

2.6 

2.8 

3.0 

3.2 

-7-  

C ( rad /e  1 ectron/cm 2 ) 
e 

3.06 ( -8 )  

2.83 ( -8 )  

2.74 ( -8 )  

2.70 ( -8 )  

2.69 ( -8 )  

2.69 ( -8 )  

2.70 ( -8 )  

2.72(-8) 

2.74 ( -8 )  

2.75 (-8) 

2.77 ( -8 )  

2.78 (-8) 

2.80 ( -8 )  

2.82 ( -8 )  

2.84 ( -8 )  



TABLE 4 

GAMMA SPECTRUM TO DOSE C O N V E R S I O N  V A L U E S  

E ( M e V )  c (roentgen/gamma/cm 2 ) 
Y 

0.2 

0.4 

0.6 

0.8 

1 .o 

1.2 

1.4 

1.6 

1.8 

2.0 

2.2 

2.4 

2.6 

2.8 

3.0 

-8- 

1 .Ob(-10) 

2.31 (-10) 

3.42 ( - 1  0) 

4.45 (-1 0) 

5.42 ( -  10) 

6.12(-10) 

7.00 ( - 1  0)  

7.64 ( - 1  0 )  

8.42 (-1 0) 

9.01 (-10) 

9.59 ( - 1 0) 

1.02(-9) 

1.08(-9) 

1.14(-9) 

1.20(-9) 



I 
1 
a 
I 
1 
1 
1 
3 
1 
I 
I 
I 
I 
P 
I 
1 
I 
I 
I 

these two m a t r i c e s  was summed ove r  the rows t o  g i v e  the  p u l s e  h e i g h t  t o  dose 

convers ion  f u n c t i o n s  f and f Each f u n c t i o n  con ta ins  15 terms. fe and fy 
e Y' 

are  shown i n  -Tab 

r e v e a l s  n o t  o n l y  

be n e g a t i v e .  Th 

t ions where the 

e 5 and Table 6 r e s p e c t i v e l y .  I n s p e c t i o n  o f  these f u n c t i o n s  

an e r r a t i c  na tu re ,  but some o f  t h e  va lues a r e  even found t o  

s seems t o  be c h a r a c t e r i s t i c  o f  t h e  s o l u t i o n s  o f  m a t r i x  equa- 

nverse i s  used t o  so lve f o r  an unknown m a t r : x .  T h i s  charac- 

t e r i s t i c  comes about f rom seve ra l  causes: 

(a) u n c e r t a i n t i e s  i n  t h e  response m a t r i x ,  

( b )  n a t u r e  o f  t he  i n v e r s e  (many n e g a t i v e  terms) ,  

( c )  tendency o f  t h e  i n v e r s e  t o  magnify smal l  f l u c t u a t i o n s ,  and 

( d )  f i n i t e  number o f  terms i n  the m a t r i x  ( g r i d  s i z e ) .  

A f t e r  a d e t a i l e d  i n s p e c t i o n  v e r i f i e d  the accu rac ies  o f  t he  m a t r i c e s  and t h e i r  

i nve rses ,  an a l t e r n a t e  approach was taken t o  determine f .  The method i s  based 

on t h e  e q u a t i o n  

( 9 )  N-l 
F =  C .  

I f  we m u l t i p l y  b o t h  s i d e s  by N we g e t  

- 1  - 1  NF = NN E C 

o r  

NF = E - '  C. (1 1 )  

f o l l o w s .  Equat ion 

when m u l t i p l i e d  by 

known and N i s we1 

w i l l  r e f e r  t o  as F 

pa re  t h e  r e s u l t  w i  

I f  we use C as a coiuinn m a t r i x  composed o f  t h e  non ze ro  elements o f  t he  o r i g i -  

na l  C m a t r i x ,  then F becomes a column m a t r i x  e q u i v a l e n t  t o  t h e  f u n c t i o n  f .  

T h i s  e q u a t i o n  lends i t s e l f  t o  a s o l u t i o n  u s i n g  a s tandard i t e r a t i v e  process as 

1 1  says t h a t  t h e r e  e x i s t s  a f u n c t i o n  ( o r  m a t r i x )  F t h a t ,  

t he  response m a t r i x  N ,  g i v e s  E C .  Since E C i s  w e l l  

known, by making an i n t e l l i g e n t  e s t i m a t e  o f  F (which we 

- 1  - 1  

- 1  - 1  

) and m u l t i p l y i n g  the e s t i m a t e  by N ,  i t  i s  p o s s i b l e  t o  com- 

h E C .  The degree o f  agreement between NF and E C i s  1 
a d i r e c t  measure o f  t he  degree o f  agreement between F and F. Thus, by succes- 

s i v e l y  c o r r e c t i n g  F by t h e  d i f f e r e n c e  between NFl  and E 

t h e  c o r r e c t e d  F 1 (F2, F3, e t c . )  by N ,  an i t e r a t i v e  method i s  a r r i v e d  a t  which 

oaches F when (NF, - E 

Ne and N a re  such t h a t  t he  p u l s e - h e i g h t  and 

c a l l y  d i f f e r e n t ,  the f i r s t  e s t i m a t e  o f  F f o r  

- 1  
C and r e m u l t i p l y i n g  

1 

- 1  C: = 0. Since i t  i s  

Y 

generates a f u n c t i o n  F which app 

known t h a t  t h e  response f u n c t i o n s  

t r u e  energy s p e c t r a  a r e  n o t  d r a s t  

n 
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TABLE 5 

S 
I 
1 

I: 
I 

I 
I 
I 
I 
I 
I 
I 
I 
I 

PULSE H E I G H T  T O  P O S E  C O N V E R S I O N  FOR E L E C T R O N S  

D E R I V E D  FROM ELECTRON R E S P O N S E  I N V E R S E  

E (MeV) f e (  rad/count)  

.4 

.6 

.8  

1 .o 

1.2 

1.4 

1.6 

1.8 

2.0 

2.2 

2.4 

2.6 

2.8 

3.0 

3.2 

3.68 ( -8 )  

2.82 ( -8 )  

4.32 ( -8 )  

-1 .20( -8 )  

1.37 ( - 7 )  

-6.96 ( -8 )  

1.24(-7) 

-5.73 ( -8 )  

1.25 ( -7 )  

-6.49 ( -8 )  

1.28(-7) 

-4.45 ( -8 )  

1.01 ( -7 )  

-2.51 ( -8 )  

8.68 ( -8 )  
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1 
1 
I 
I 
I 
T 
I 
1 
I 
1 
I 
i 
I 
I 
I 
I 
1 
I 

T A B L E  6 

P U L S E  H E I G H T  T O  DOSE C O N V E R S I O N  FOR GAMMAS 

DERIVED FROM GAMMA R E S P O N S E  I N V E R S E  

E ( M e V )  f (roentgen/count)  
Y 

0.2 

0.4 

0.6 

0.8 

1 .o 

1.2 

1.4 

1.6 

1.8 

2.0 

2.2 

2.4 

2.6 

2.8 

3.0 

- 1 1 -  

2.21 (-10) 

6.32 (-1 0) 

1.24(-9) 

1.36 ( -9 )  

1 .40( -9 )  

8.68 ( - 1  0) 

2 .16( -9 )  

2.97 ( -9) 

1.91 (-10) 

3.08 ( -9) 

5.28 ( -9 )  

2 .65( -9 )  

-1 .32( -9 )  

4 .59( -9 )  

1.63 (-8) 



- 1  
each r a d i a t i o n  was taken as t h e  respec t i ve  E 

was compared t o  E C on an R . M . S .  basis  w i t h  the  average R.M.S. d i f f e r e n c q  

C .  Throughout t h e  i t e r a t i o n s  NFn 
- I  

computed a f t e r  each i t e r a t i o n .  When the  average R.M.S.  d i f f e r e n c e  reached a 

minimum t h e  computat ion was stopped. The f u n c t i o n  determined f o r  t h e  gammas 

had an R . M . S .  d i f f e r e n c e  o f  1.2% w h i l e  t h e  same f o r  t h e  e l e c t r o n s  was 2.6%. 

The gamma d i s t r i b u t i o n s  converged on t h e  26 th  i t e r a t i o n  w h i l e  t h e  e l e c t r o n  d i s -  

t r i b u t i o n  converged on the  6 t h .  The r e s u l t i n g  f u n c t i o n s  were then smoothed w i t h  

a t h r e e  p o i n t  average r o u t i n e .  The f i n a l  m a t r i c e s  which rep resen t  the f func-  

t i o n s  a r e  shown i n  Table 7 ( e l e c t r o n s )  and Table 8 (gammas). A p l o t  o f  these 

f u n c t i o n s  i s  shown i n  F igs .  1 and 2 .  I t  i s  seen t h a t  these f u n c t i o n s  a r e  

smoothly v a r y i n g  and non-negat ive.  This  i s  t h e  r e s u l t  o f  work ing  d i r e c t l y  w i t h  

Ne and N i n s t e a d  o f  t h e i r  i nve rses .  
Y 

-12- 



I 
1 
I 
I 
I 
I 
I 
I 
I 

I 
I 
I 
I 
I 
I 
I 
I 
I 

n 

TABLE 7 

PULSE H E I G H T  T O  DOSE CONVERSION FOR ELECTRONS 

D E R I V E D  BY I T E R A T I V E  METHOD 

E (MeV)  fe(rad/count)  

0.4  

0.6 

0.8 

1 .G 

1.2 

1.4 

1.6 

1.8 

2.0 

2.2 

2.4 

2.6 

2.8 

3 . 0  

3.2 

-13- 

3.68 (-8) 

3.02 (-8) 

3.45(-8)  

3.46 (-8) 

3.61 (-8) 

3.20 (-8) 

3.00 (-8) 

3.00 (-8) 

3.17 (-8) 

3.18(-8)  

3.31 (-8) 

3.44 (-8) 

3.96 (-8) 

4. lo ( -8)  

4.21 (-8) 



. , .  I . 

I 
I 
I 
I 
I 
1 
I 
I 
I 
I 
I 
I 
I 
I 
i 
1 
I 
I 

T A B L E  8 

PULSE H E I G H T  TO DOSE C O N V E R S I O N  F O R  GAMMAS 

D E R I V E D  BY I T E R A T I V E  METHOD 

E ( M e V )  f (roentgen/count)  
Y 

0.2  

0 .4  

0.6 

0.8 

1 .o 

1.2 

1.4 

1.6 

1.8 

2.0 

2.2 

2.4 

2.6 

2.8 

3.0 

-14-  

2.21 (-10) 

6.32 ( -  10) 

1.24(-9) 

1.37 ( -9)  

1 .47 ( -9 )  

1.55 ( -9)  

1 75 ( -9)  

1.83 (-9) 

2.04 ( -9)  

2.33 ( -9 )  

2.62 ( -9)  

3.05 ( -9 )  

3.56 ( -9)  

4.52(-9) 

6.06 ( -9 )  
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FIGURE 1 Pulse Height  to Dose Function for Electrons 
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1 1 1 .  VERIFICATION O F  THE PULSE HEIGHT TO DOSE FUNCTIONS 

1 .  Comparison o f  6 - y  Spectrometer Measurements t o  C a l c u l a t e d  Dose 

I n  suppor t  o f  t he  uniqueness of these two f u n c t i o n s  or t h e i r  resemblance 

t o  t h e  t r u e  va lues,  i t  i s  o f  i n t e r e s t  t o  compare f and f d e r i v e d  by t h e  

i t e r a t i v e  method t o  those d e r i v e d  by the m a t r i x  i nve rse  method. T h i s  i s  done 

i n  F i g s .  3 and 4. 
do indeed resemble those o f  t he  inverse method t o  t h e  e x t e n t  o f  approaching a 

l e a s t  squares f i t  o r  a smoothing o f  the e r r a t i c  f u n c t i o n s .  The o n l y  o t h e r  t e s t  

i s  t o  app ly  t h e  f i n a l  f u n c t i o n s  t o  pu lse-height  s p e c t r a  and compare t o  an inde- 

pendent t h e o r e t i c a l l y  o r  e x p e r i m e n t a l l y  determined dose. T h i s  was done f o r  

monoenerget ic e l e c t r o n s ,  monoenergetic gamma rays,  and an x - ray  spectrum. For 

the  monoenerget ic r a d i a t i o n s  a pu l se -he igh t  spectrum was accumulated on t h e  

B-y spect rometer .  The t r u e  dose was determined f rom a p r i o r  c a l i b r a t i o n  o f  

t h e  source ( i n  t h e  case o f  t h e  gammas), which y i e l d e d  t h e  t o t a l  f l u x  i n c i d e n t  

on t h e  spect rometer ,  and a p p l y i n g  t h e  f l u x  t o  dose convers ion  va lue  a t  t h a t  

energy.  For t h e  e l e c t r o n s  the  f l u x  was determined w i t h  s o l i d  s t a t e  s i l i c o n  

d e t e c t o r s ,  as d iscussed by Rester  and Rainwater . The x - ray  spectrum used 

e Y 

I t  is seen t h a t  the va lues o b t a i n e d  by t h e  i t e r a t i v e  method 

4 9 5  

was t h a t  measured by Rester,  Dance, and Bagger ly 697 , u s i n g  a T r a i l  and Raboy 

t ype  a n t i c o i n c i d e n c e  Nal spect rometer .  T h i s  spectrum was conver ted  t o  dose by 

m u l t i p l y i n g  by t h e  energy-to-dose f u n c t i o n .  Measurements i n  an i d e n t i c a l  geo- 

metry  were made w i t h  t h e  B-Y spectrometer.  The doses corresponding t o  t h e  

above measurements were then determined by m u l t i p l y i n g  t h e  p u l s e - h e i g h t  d i s t r i -  

b u t i o n s  f r o m  t h e  6-y spect rometer  by fe and f 

t o t a l  coun ts  i n  t h e  p u l s e - h e i g h t  spectrum f rom 0.1 t o  0.3 MeV were m u l t i p l i e d  

by t h e  v a l u e  o f  f a t  0.2 MeV, e t c .  The r e s u l t s  f o r  b o t h  t h e  e l e c t r o n s  and 

gammas a r e  shown i n  Tables 9 and 10 r e s p e c t i v e l y .  I t  i s  seen t h a t  f o r  t h e  

e l e c t r o n s  t h e  agreement i s  b e t t e r  than 10% i n  a l l  cases. For  t h e  gammas a l l  

p o i n t s  b u t  one a r e  w i t h i n  10%. T h i s  i s  cons idered good agreement as t h e r e  a r e  

seve ra i  f a c t o r s  which can c o n t r i b u t e  t o  e r r o r s  o f  t he  o r d e r  o f  2 o r  3 pe rcen t .  

These i n c l u d e  t h e  c a l i b r a t i o n  e r r o r s  o f  t h e  6-y spect rometer ,  t h e  Nal s p e c t r o -  

meter ,  and o f  t h e  sources themselves. The f a c t  t h a t  a l l  o f  the monoenerget ic 

da ta  i s  low compared t o  the  c a l c u l a t e d  dose suggests t h a t  a sys temat i c  e r r o r  

was encountered i n  the a n a l y s i s .  Y 
by an amount which would r e s u l t  i n  measured doses which f l u c t u a t e d  about the  t r u e  

dose. For t h e  p resen t  a n a l y s i s  t h i s  would r e q b i r e  about a 5 pe rcen t  i nc rease .  

and summing. For example, t he  
Y 

Y 

This c o u l d  be c o r r e c t e d  by i n c r e a s i n g  fe  and f 
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E (MeV) 

0.40  

0.50 

0.75 

1 .oo 

1.25 

1.50 

2 .0  

2.5 

TABLE 9 

RESULTS OF APPLYING f TO e 

MONOENERGET I C ELECTRONS 

True Dose Measured$: 
(Rad) Dose (Rad) 

7.47(-3)  

7.06(-3) 

6.62 (-3) 

6.43 (-3)  

6 .35( -3)  

6.32 (-3)  

5 .28(-3)  

3 05 ( -3)  

Percent E r r o r  

-5.5 

-1.8 

-0.1 

-1.7 

-4 .6  

-7 .4  

-1  . a  
-4.9 

$: Measurements made w i t h  B-y spectrometer and reduced t o  dose 

u s i n g  f . e 
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1 
1 
1 
I 
1 
I 
1 
I 
I 
I 
I 
i 
I 
I 
1 
I 
1 

Source 

137 

54 
c s  

" p 

hg203 

22 
Na 

Y88 

X-Ray 
Spectrum 

.1_ 

.1_ 
,s ,. 

TABLE 10 

RESULTS OF APPLYING f TO MONOEhERGETlC 

GAMMAS AND A BREMSSTRAHLUNG SPECTRUM 

Y 

Energy 

0.662 

0.835 

0.279 

1.28 

0.51 1 

0.3 

1.8 

2.76 

2 . of;;: 

True Dose ( R )  Measured Dose ( R ) "  Percent 
E r r o r  

1.14(-4) 1 .04(-4)  -8.0 

1.17(-4) 1.17(-4) 0.0 

8.23 (-5) 7.72 (-5) -6 .1  

1.85(-4)  

1.62 (-4) 

3 * 47 (-4) 3.10(-4) -10.7 

8.50(-5) 

17.00 (-5) 

.12( -5 )  
2.56 ( -4 )  2.26 (-4) -12.0 

4.40(-5) 4.66 ( -5)  + 6 .1  

Measurements made with B-y spectrometer and reduced t o  dose 

u s i n g  f . 
Y 

End p o i n t  energy of the spectrum 
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Thus, t h e  i t e r a t i v e  method o f  d e r i v i n g  f and f appears t o  g i v e  a more Y e 
p h y s i c a l l y  meaningfu l  f u n c t i o n  than the i n v e r s e  method and t h e  f u n c t i o n s ,  when 

a p p l i e d  t o  p u l s e - h e i g h t  spec t ra ,  g i v e  answers w i t h i n  t h e  expected accuracy.  

Though t h i s  method i s  cons idered adequate i n  approaching the problem i t  i s  n o t  

f e l t  t h a t  t h e  i n v e r s e  method shou ld  be d i sca rded ,  b u t  should be used t o  f u r t h e r  

s u b s t a n t i a t e  t h e  i t e r a t i v e  method. 

2. Comparison o f  V i c to reen  R-Meter t o  C a l c u l a t e d  Dose 

As a f u r t h e r  check on the  accuracy o f  t he  c a l c u l a t e d  doses, V i c t o r e e n  

R-Meters were used t o  measure the  e l e c t r o n  and gamma doses. The e l e c t r o n s  were 
2 mon i to red  w i t h  a t h i n  w a l l e d  (7 mg/cm ) e l e c t r o n  probe (#576) .  The gamma 

sources were mon i to red  w i t h  V ic to reen  probe f633.  The gamma probe i s  used 

i n t e r n a t i o n a l l y  as a secondary standard.  The measurements o b t a i n e d  w i t h  the  

e l e c t r o n  probe were t h e  f i r s t  abso lu te  

i n g  t o  p r i v a t e  communications w i t h  the 

E l e c t r o n  Measurements 

The exper imen ta l  setup i s  shown 

numbers generated on t h  i s dev 

V i c t o r e e n  Inst rument  Company. 

n F i g .  5 .  A narrow beam o f  e 

ce accord-  

e c t  rons 

was d i f f u s e d  w i t h  a 2 ,  3, 4, o r  5 m i l  aluminum f o i l  des ignated as t h e  main d i f -  

f u s e r .  T h i s  range o f  th icknesses was r e q u i r e d  as t h e  a c c e l e r a t o r  p o t e n t i a l  

was v a r i e d  f r o m  0.5 t o  1.7 MeV. The d i f f u s e d  beam then passed t h r u  a 2 m i l  

secondary d i f f u s e r  i n t o  a i r .  A t  t h i s  p o i n t  t h e  beam was approx ima te l y  2 inches 

i n  d iamete r .  A f t e r  p e n e t r a t i n g  approx imate ly  one f o o t  i n t o  a i r  t h e  beam was 

mapped w i t h  a s o l i d  s t a t e  d e t e c t o r  and found t o  be u n i f o r m  i n  i n t e n s i t y  f o r  a 

d i s t a n c e  o f  2 inches on e i t h e r  s i d e  o f  c e n t e r l i n e .  A t  t h i s  p o s i t i o n  readings 

were o b t a i n e d  w i t h  the  t h i n  w a l l e d  e l e c t r o n  probe #576 and compared w i t h  the  
2 

i n t e g r a t e d  f l u x  from a s o l i d  s t a t e  d e t e c t o r .  The dose p e r  e l e c t r o n  p e r  cm 

was o b t a i n e d  as a f u n c t i o n  o f  i n c i d e n t  e l e c t r o n  energy.  To i n s u r e  t h a t  a s i g -  

n i f i c a n t  number o f  e l e c t r o n s  was not  be ing  s c a t t e r e d  i n t o  t h e  V i c t o r e e n  probe, 

t he  measurements were repeated w i t h o u t  t h e  presence o f  t h e  s o l i d  s t a t e  d e t e c t o r .  

T h i s  was accompl ished by r e l a t i n g  the i n c i d e n t  f l u x  t o  t h e  f l u x  a t  a d e t e c t o r  

moni t o r i n g  the  backsca t te red  e l e c t r o n s  f rom the  main d i f f u s e r .  The r e s u l t s  o f  

t h i s  c a l i b r a t i o n  a re  p l o t t e d  i n  F i g .  6 a long  w i t h  t h e  t h e o r e L i c a l  f l u x  t o  dose 

curve f o r  The V i c t o r e e n  probe i s  designed as a s k i n  e q u i v a l e n t  

d e v i c e  and reads d i r e c t l y  i n  rad. I t  i s  seen t h a t  t h i s  t h i n  w a l l e d  probe does 
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n o t  agree w e l l  w i t h  t h e  t h e o r e t i c a l  values i n  t h e  energy range covered. I t  i s  

f e l t  t h a t  t h e  d iscrepancy i s  due t o  the l onger  p a t h  t h a t  lower  energy e l e c t r o n s  

a re  p e r m i t t e d  t o  t r a v e l  a f t e r  be ing  s c a t t e r e d  a t  l a r g e  angles i n  t h e  c y l i n d r i -  

c a l l y  shaped probe whose l e n g t h  i s  severa l  t imes i t s  d iameter .  Above 2.0 MeV, 

where s c a t t e r i n g  i s  reduced, i t  appears t h a t  t h e  curves a r e  converg ing and bear  

o u t  t he  measurements w i t h  t h e  s o l i d  s t a t e  d e t e c t o r s  and t h e  f l u x  t o  dose con- 

v e r s i o n  f a c t o r s  ve ry  w e l l .  

Gamma Meas u remen t s 

Three o f  t h e  sources used f o r  the gamma-ray measurements w i t h  the  13-y 

spect rometer  were mon i to red  w i  t h  V i  c toreen R-Meter #633. The sources used 

were Co 

l e v e l  necessary t o  o b t a i n  a meaningful dose measurement. The measurements 

w i t h  t h e  o t h e r  sources were o b t a i n e d  i n  a i r  a t  d i s tances  o f  one and two f e e t  

and found t o  agree w i t h  t h e  c a l c u l a t e d  va lues t o  b e t t e r  than 6 p e r  cen t  i n  a l l  

cases. T h i s  was cons ide red  t o  be good agreement, s i n c e  t h e  probe i s  quoted as 

a 10 p e r  cen t  dev i ce .  Recent s t u d i e s  by t h i s  group i n d i c a t e  t h a t  t h e  V i c t o r e e n  

s e r i e s  o f  probes i s  n o t  b e s t  s u i t e d  fo r  low dose r a t e s .  For these measurements 

the  dose r a t e s  v a r i e d  f rom 10 t o  40 m i l l i r o e n t g e n  p e r  hour .  Exposure t imes 

were o f  t h e  o r d e r  o f  days. For these long  exposures i t  has been suggested t h a t  

a probe such as t h a t  b u i l t  by Professor  Frank Shonka a t  S a i n t  Procopious Co l l ege  

would se l e s s  l i k e l y  to e x h i b i t  leakage which was n o t  a s s o c i a t e d  w i t h  t h e  

source r a d i a t i o n .  T h i s  probe i s  c u r r e n t l y  under i n v e s t i g a t i o n .  

60 , Na22, and Cs137. The c a l i b r a t e d  Hg203 source had decayed below t h e  
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I V. ELECTRON I C  DES I GN 

I n  t h e  p rev ious  s e c t i o n s  i t  has been shown t h a t  t he  p u l s e - h e i g h t  spectrum- 

to-dose convers ion technique i s  n o t  on l y  f e a s i b l e ,  b u t  a l s o  ve ry  accu ra te .  I n  

a d d i t i o n ,  computer techniques have been developed t o  p r o v i d e  t h e  necessary 

spectrum-to-dose convers ion  f u n c t i o n s .  However, t o  demonstrate t h e  u n i t  as a 

r e a l - t i m e  dev ice,  an e l e c t r o n i c  conversion and read-out system w i  1 1  be r e q u i r e d .  

As a p a r t  o f  t h i s  s tudy ,  severa l  concepts were cons ide red  f o r  t h e  conver-  

s i o n  i n v o l v i n g  bo th  analog and d i g i t a l  methods. Because o f  s i m p l i c i t y  and ve r -  

s a t i l i t y  a d i g i t a l  system was chosen and seve ra l  components o f  t h e  system were 

c o n s t r u c t e d  and s t u d i e d  i n  breadboard form. A conceptual  des ign  f o r  a complete 

system was made u s i n g  t h e  B-y spectrometer as t h e  sensing head. The system 

may be bes t  desc r ibed  by r e f e r r i n g  t o  t h e  b l o c k  des ign i n  F i g .  7. Since t h e  

l i n e a r  s i g n a l  o u t p u t  o f  t h e  B-y spectrometer must be conver ted  t o  d i g i t a l  l e v e l s  

o r  channels,  an analog t o  d i g i t a l  conve r te r  t h a t  has a d j u s t a b l e  channel w i d t h s  

w i l l  be r e q u i r e d .  The s i g n a 1 , l e v e l  w i l l  be de tec ted  by a peak d e t e c t o r  and 

h e l d  a t  t h e  peak l e v e l  u n t i l  t h e  ADC has completed i t s  c y c l e .  ADC s t a r t  and 

i n h i b i t  pu l ses  w i l l  be formed by lower and upper l e v e l  d e t e c t o r s  so t h a t  n o i s e  

and excess i ve  a m p l i t u d e  p u l s e s  w i l l  not  be analyzed. The o u t p u t  o f  t h e  ADC 
and p a r t i c l e  type l o g i c  l e v e l  w i l l  be s t o r e d  i n  a b u f f e r  r e g i s t e r .  When t h e  

n e x t  p u l s e  i s  be ing  analyzed t h e  spectrum-to-dose convers ion c i r c u i t r y  w i l l  

c o n v e r t  t h e  s t o r e d  da ta  t o  a p u l s e  of cons tan t  amp l i t ude ,  bu: w i t h  a w i d t h  

which i s  p r o p o r t i o n a l  t o  t h e  dose value f o r  a p a r t i c u l a r  energy and p a r t i c l e .  

The newly analyzed p u l s e  w i l l  then be t r a n s f e r r e d  i n t o  t h e  b u f f e r  r e g i s t e r  

a w a i t i n g  t h e  nex t  p a r t i c l e  p u l s e  f o r  dose convers ion.  T h i s  method w i l l  s i g n i -  

f i c a n t l y  reduce t h e  dead t ime  o f  t h e  i ns t rumen t .  The dose pu lses  f rom b o t h  

t h e  b e t a  and gamma channels w i l l  then be a p p l i e d  t o  a v a r i a b l e  range v o l t m e t e r  

f o r  dose r a t e  d i s p l a y .  I n  o r d e r  t o  read i n t e g r a t e d  dose a d i g i t a l  i n t e g r a t o r  

c i r c u i t  w i l l  conve r t  t he  t o t a l  dose t o  a s e r i e s  o f  pu l ses  t h a t  w i l l  be counted 

by a s c a l e r .  

T h i s  system w i l l  p r o v i d e  the  c a p a b i l i t y  f o r  measurements i n  separate or  

mixed be ta  and gamma f i e l d s  and p r o v i d e  bo th  dose r a t e  and t o t a l  dose measure- 

men t s  . 
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CONCLUS IONS 

It i s  f e l t  t h a t  t h i s  study has s u f f i c i e n t l y  demonstrated the  f e a s i b i l i t y  

o f  t he  proposed method f o r  c o n v e r t i n g  p u l s e - h e i g h t  s p e c t r a  t o  dose, i n  as much 

as t h e  method p r e s c r i b e d  was c a r r i e d  o u t  on an a c t u a l  space q u a l i f i e d  i n s t r u -  

ment and r e s u l t s  were found to  be accurate t o  w i t h i n  t h e  l i m i t s  o f  normal 

exper imen ta l  e r r o r s .  The method can e a s i l y  be a p p l i e d  t o  any type o f  r a d i a t i o n  

and geomet r i ca l  c o n f i g u r a t i o n s ,  i f  a s u i t a b l e  exper imen ta l  o r  t h e o r e t i c a l  c a l i -  

b r a t i o r !  o f  t h e  spect rometer  can be obta ined.  Wi th t h i s  approach a s imp le  e l e c -  

t r o n i c  c i r c u i t ,  as d iscussed e a r l i e r ,  can be designed, which w i l  accompl ish 

rhe c o r v e r s i o n  and a v o i d  t h e  necess i t y  o f  an onboard computer. 

The n e x t  phases o f  t h i s  program w i l l  i n c l u d e  t h e  demonstrat  on o f  t h e  

dev i ce  as a r e a l - t i m e  dos imeter ,  f o l l owed  by a n a l y t i c a l  s t u d i e s  t o  i n c l u d e  

complex geomet r i ca l  arrangements and depth dose c a l c u l a t i o n s ,  and f i n a l l y  t h e  

des ign o f  a t r u l y  v e r s a t i l e  sensor head u s i n g  s o l i d  s t a t e  d e t e c t o r s  f o r  e l e c -  

t r o n s ,  gammas, and p ro tons .  
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